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ABSTRACT: Sulfoximines and sulfonimidamides are promising
compounds for medicinal and agrochemistry. As monoaza
analogues of sulfones and sulfonamides, respectively, they combine
good physicochemical properties, high stability, and the ability to g
build complexity from a three-dimensional core. However, a lack of ©
quick and efficient methods to prepare these compounds has
hindered their uptake in molecule discovery programmes. Herein,
we describe a unified, one-pot approach to both sulfoximines and
sulfonimidamides, which exploits the high electrophilicity of
sulfinyl nitrenes. We generate these rare reactive intermediates
from a novel sulfinylhydroxylamine (R—O—N=S=0) reagent
through an N—O bond fragmentation process. Combining sulfinyl nitrenes with carbon and nitrogen nucleophiles enables the
synthesis of sulfoximines and sulfonimidamides in a reaction time of just 15 min. Alkyl, (hetero)aryl, and alkenyl organometallic
reagents can all be used as the first or second component in the reaction, while primary and secondary amines, and anilines, all react
with high efficiency as the second nucleophile. The tolerance of the reaction to steric and electronic factors has allowed for the
synthesis of the most diverse set of sulfoximines and sulfonimidamides yet described. Experimental and computational investigations
support the intermediacy of sulfinyl nitrenes, with nitrene formation proceeding via a transient triplet intermediate before reaching a
planar singlet species.
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1. INTRODUCTION

Sulfur(VI) compounds have played an outsized role in the
development of medicines. Sulfones and sulfonamides in

particular are key components of numerous drugs as well as = 0sNH
agrochemicals." Replacing one of the oxygen atoms in these 2N
molecules with a nitrogen atom gives sulfoximines® and HoN-$

sulfonimidamides.” These compounds have recently gained
traction in medicinal chemistry, first as isosteric replacements
for their oxygenated analogues,” and more recently due to
increasing recognition of their potent mix of physicochemical
properties. Being inherently chiral at sulfur, polar, and three-
dimensional, with good aqueous solubility and high chemical
and metabolic stability,” sulfoximines and sulfonimidamides
represent an invaluable addition to the medicinal chemist’s
toolbox (Figure 1).° However, although sulfonimidamides are
increasingly common in pharmaceutical patents,” and while
sulfoximines appear in several clinical candidates® and have
been incorporated into a marketed agrochemical,” they
arguably still lack widespread recognition and are not yet
routinely used in drug discovery. A significant reason for this is
the inability to prepare these molecules quickly, ideally in one
step, from widely available precursors. Considerable advances
have been made in recent years in the synthesis of sulfoximines
and sulfonimidamides by the Bolm and Bull groups, as well as
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Figure 1. Bioactive aza-S(VI)-derivatives.

others, which have simplified the imination of thioethers,'°
sulfoxides,'" and sulfenamides.'” Sulfonimidates'® and sulfina-
mides'® are also established as useful intermediates toward
these targets. However, these methods share the fundamental
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limitation of ultimately needing thiol starting materials, which
can be unpleasant to use due to their odor, oxidize to form
disulfides in air, and are not widely commercially available.
Consequently, the preparation of sulfoximines and sulfonimi-
damides often requires a multistep synthetic campaign
featuring multiple oxidations, and in the case of sulfonimida-
mides typically involving moisture-sensitive intermediates such
as sulfinyl chlorides.”' >

A synthetic approach starting from common nucleophiles
and a central sulfur-containing electrophilic reagent would
allow for more convenient access to a variety of sulfur(VI)
derivatives. One embodiment of such a strategy is the recently
reported SuFEx chemistry'’ that uses iminosulfur oxidifluor-
ides (RN=S(O)F,) as the electrophiles, in combination with a
variety of heteroatom and carbon nucleophiles."® In these
examples, the key iminosulfur oxidifluorides are prepared from
SOF, gas, which is in turn prepared from gaseous SF,. In an
alternative approach, we reported a one-pot, multistep,
synthesis of sulfonimidamides from the sulfinylamine reagent
N-sulfinyltritylamine (TrNSO), organometallic reagents, and
amines, albeit with the requirement of an intermediate
oxidative step (Scheme 1, eq 1)."”*° The scope of this
reaction proved to be broad, and it has now found use in

Scheme 1. Sulfinylamine Reagents in the Synthesis of
Sulfonimidamides and Sulfondiimines, Both Featuring
S(IV) to S(VI) Oxidations
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pharmaceutical companies,”’ leading to TrNSO being
commercially available. More recently we described a second
sulfinylamine reagent, this time featuring a tert-alkyl substituent
(+-Oct-NSO), and used this reagent to prepare sulfilimines, en
route to sulfondiimines.”* As with the TENSO chemistry, this
route to sulfondiimines again required a S(IV) to S(VI)
oxidation using an external oxidant (Scheme 1, eq 2). Neither
of these sulfinylamine reagents allowed the direct synthesis of
sulfoximines from an electrophilic S(VI)-intermediate. This is
a common shortcoming of many sulfur(VI) electrophiles
including sulfonimidoyl chlorides,"” fluorides,”® and esters,™*
which tend to undergo reduction, or show low reactivity, when
combined with carbon nucleophiles. In particular, sulfonimi-
doyl fluorides must be combined with highly basic organo-
lithium reagents, as they provide a mixture of reduction and
substitution with less reactive Grignard reagents.25 Meanwhile,
sulfonimidate esters generally require an excess (2 or more
equivalents) of the organomagnesium reagent to be used."*"
In our search for a general solution to this problem we were
intrigued by the anomalous properties of little-known sulfinyl
nitrenes. While sulfonyl nitrenes are among the most widely
employed in modern nitrene chemistry, it is striking that the
related species, sulfinyl nitrenes, which contain just one S=O
bond instead of two, are almost completely absent from the
literature™® since their initial report over 40 years ago by
Maricich.”” Sulfonyl nitrenes undergo classic C—H insertion
and aziridination reactions via the nitrogen atom. In contrast,

Scheme 2. (a) Sulfonyl Nitrene versus Sulfinyl Nitrene
Reactivity; (b) Sulfinyl Nitrene Resonance Forms
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the known reactions of sulfinyl nitrenes proceed by electro-
philic attack at sulfur. For example, sulfonyl nitrenes react with
sulfoxides to give sulfoximines via attack of the sulfur lone pair
of the sulfoxide onto the nitrogen atom of the nitrene. Sulfinyl

Scheme 4. BiPhONSO and Initial Reactions
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Table 1. (a) Scope of Sulfoximine Synthesis; (b) Four-Component Sulfoximine Synthesis

a) Synthesis of sulfoximines using the sulfinylamine reagent BiPhONSO
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nitrenes, however, react with sulfoxides by attack of the
sulfoxide oxygen at the sulfur atom of this nitrene, and after
rearrangement provide N-sulfonyl sulfilimines (Scheme 2a).>””
This stark divergence in reactivity can be rationalized by
considering the resonance structures of sulfinyl nitrenes (A—
B—C, Scheme 2b); the zwitterionic species B, bearing a formal
positive charge on sulfur and negative charge on nitrogen, gives
a representative picture of sulfinyl nitrene reactivity. Because of
these anomalous properties, we speculated that these species
had the potential to transform the synthesis of sulfoximines
and sulfonimidamides. Nevertheless, sulfinyl nitrenes remain
underexplored and have received only minimal attention.”®
This is mainly due to their known precursors, sulfinyl azides,
being noted to be unstable above —20 °C and exploding upon
warming to room temperature, as well as delivering
irreproducible results. tert-Butyl sulfinyl azide has been
generated and decomposed in situ in the presence of water

to provide the corresponding sulfonamide.”® However,
attempts to employ amine or thiol nucleophiles with sulfinyl
azides resulted only in substitution of the azide group.” Given
these challenges associated with the use of sulfinyl azides, we
postulated that if we could identify a safe and convenient
method to generate sulfinyl nitrenes, then new routes to a
range of S(VI) derivatives should be possible. Herein, we
report such a system and show that by exploiting sulfinyl
nitrene intermediates we can achieve efficient routes to both
sulfoximines and sulfonimidamides.

2. RESULTS AND DISCUSSION

We envisioned that a sulfinylamine reagent bearing an
appropriate leaving group on nitrogen would, when reacted
with a carbon nucleophile, give convenient access to sulfinyl
nitrenes. Our reaction design therefore centered on the use of a
novel sulfinylhydroxylamine'”***° (I, Scheme 3). Upon

https://dx.doi.org/10.1021/jacs.0c06986
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Table 2. Scope of Sulfonimidamide Synthesis Exploiting the BIPhONSO Reagent
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combination with a carbon-centered organometallic reagent to
form the negatively charged sulfinamide intermediate II, we
hypothesized that the loss of a phenoxide anion by cleavage of
the weak N—O bond would be favorable to give the neutral
sulfinyl nitrene species III. Upon addition of a second
nucleophile such as a further organometallic reagent, or an
amine, sulfoximines and sulfonimidamides would be obtained.
Importantly, no external oxidant would be needed to achieve
the S(VI) oxidation state. Although seemingly straightforward,
this reactivity has never previously been achieved.””" This is
likely due to difficulties associated with the generation of
sulfinyl nitrenes. As noted, sulfinyl azides react with amines via

direct substitution to give sulfinamides with loss of HN; before
nitrene formation can occur.”” Sulfinyl nitrenes and the related
sulfinylnitrenium cation could be formed in the presence of,
and reacted with, simple alcohols;*”* however, yields were low
and the only sulfur-containing products isolated from this
reaction were primary sulfonamides.”’ Our challenge, there-
fore, was to develop the first method of generating sulfinyl
nitrenes that would allow synthetically useful reactions with
common nucleophiles.

We targeted sulfinylamines®® derived from O-arylhydroxyl-
amines, reasoning that the presence of the aromatic ring would
weaken the N—O bond and promote the bond cleavage central

15448 https://dx.doi.org/10.1021/jacs.0c06986
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Scheme S. Mechanistic Observations
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to our reaction design. After some experimentation, we settled
on sulfinylhydroxylamine 1 (BiPhONSO), a solid reagent that
combines good stability with excellent reactivity and can be
prepared from blphenylhydroxylamme efficiently on multigram
scale (Scheme 4).” Pleasingly, we found that sequential
addition of a Grignard reagent and an amine to BiPhONSO at
—78 °C for 1 min, followed by warming to room temperature,
delivered sulfonimidamide 3a in 85% yield in accordance with
our plan. Crucially, this approach could also be applied to
sulfoximines; addition of a second Grignard reagent in place of
an amine provided sulfoximine 2a in 83% yield. The novel
sulfinylamine reagent, BiPhONSO, therefore enables the
synthesis of sulfoximines or sulfonimidamides by simple
consecutive addition of widely available organometallic
reagents and amines in a reaction time of just 1S min.

With the optimized conditions in hand, we set out to
determine the scope of sulfoximines that could be prepared
(Table 1a). A broad range of aryl Grignard reagents could be
used (2a—j). The impressive tolerance of the reaction to steric
hindrance was shown by the synthesis of a rare ortho,ortho’-
disubstituted sulfoximine (2h). An organolithium reagent
containing an SMe group was also incorporated to obtain a
sulfoximine containing mixed-valence sulfur atoms (2i), which
could not be prepared using traditional oxidative methods.
Likewise, the unprotected basic tertiary amine featured in
compound 2j would be susceptible to oxidation. Medicinally
relevant basic N-heterocycles such as pyridines and pyrimi-

dines could be incorporated (2k—n). Alkyl nucleophiles were

also competent in the reaction (20—w). tert-Butylmagnesium
chloride could even be used as the initial nucleophile to afford
the highly sterically hindered S-tert-butyl sulfoximine 2v in
53% yield; such products have previously been prepared by
three sequential deprotonations/methylations of an S-methyl
sulfoximine.”® Oxidatively sensitive allyl and vinyl groups were
compatible (2w,y). 5,S-Dialkyl sulfoximines containing methyl,
cyclopropyl, and cyclohexyl groups could also be prepared
(2z—ab)

The initial product in these syntheses is a sulfoximine anion,
and we were able to exploit this by introducing an electrophilic
trap as a fourth reaction component (Table 1b). For example,
addition of an acid chloride delivered acetyl- and benzoyl-
substituted products in high yields (2ac,ad). Urea- and cyano-
containing sulfoximines could also be prepared using a
carbamoyl chloride and cyanogen bromide as the electrophile,
respectively (2ae,af). An N-cyanosulfoximine is incorporated
into the marketed insecticide Sulfoxaflor.”

We next explored the scope of sulfonimidamides that could
be prepared, keeping 4-fluorophenylmagnesium bromide
constant as the organometallic component and varying the
amine nucleophile (Table 2). The parent S-, 6-, and 7-
membered cyclic amines all reacted in high yields (3b—d).
Cyclic amines bearing an electrophilic ester, acid-sensitive
ketal, and oxidatively sensitive thioether functional groups were
tolerated (3e—g). Bulky noncyclic secondary amines such as
dibenzylamine and N-cyclohexylmethylamine worked well
(3i,j), although a steric limit was reached with diisopropyl-
amine (3k). Primary amines and anilines proved to be
competent nucleophiles (3l—p). Functionalizations of the
antidepressant Amoxapine and amines derived from the
antihistamine Loratadine and the antiplatelet medication
Clopidogrel were possible (3q—s). Amines containing acidic
protons, such as alcohols and carbamates, could be used
provided that para-toluenesulfonic acid was added prior to the
amine (3t,u). We then varied the organometallic component,
using morpholine or 1-Cbz-piperazine as the amine. Sterically
and electronically varied aryl organometallic reagents afforded
products in high yields (3v—aa). Importantly for medicinal
chemists, a range of heteroaryl organometallic reagents
performed well, allowing the synthesis of 2- and 3-pyridyl
and pyrimidyl sulfonimidamides (3ab—ae). Five-membered
heterocycles such as thiophene and benzofuran were
incorporated in high yields (3afag), as was highly base-
sensitive 4-isoxazole’’ (3ah), demonstrating the mildness of
the reaction conditions. As with the sulfoximines, alkyl
Grignard reagents gave good yields of products (3ai—am).
The first ever syntheses of S-vinyl and S-allyl sulfonimidamides
were also accomplished (3an,ap). The reliance of previous
methods on strongly oxidative conditions and sensitive sulfinyl
chloride intermediates may explain why alkenyl substituents
were not well-tolerated in the earlier week.

Intriguingly, the formation of S-tert-butylsulfoximine 2v was
dependent on the order of addition of the Grignard reagents.
When tert-butylmagnesium chloride was added first and 4-
methoxyphenylmagnesium bromide second, sulfoximine 2v
was isolated in 53% yield (Scheme Sa, eq 1). However, when
the order was reversed, N-tert-butylsulfinamide 4a was the
major product in 70% yield and the sulfoximine was present in
just 6% yield (eq 2). These results provide strong evidence of a
nitrene intermediate; while it is highly improbable that a
sulfonimidate ester anion would react with a Grignard reagent
on nitrogen, nitrenes are renowned for their electrophilicity at
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Figure 2. Computational study: (a) Reaction pathway; (b) S vs
SMD(THF)-B3LYP-BJD3/6-31g(d) level of theory.
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nitrogen. In this case, if the incoming C-nucleophile is
sufficiently hindered, attack at the less accessible sulfinyl
nitrene sulfur atom could become unfavorable, and formation
of the sulfinamide by attack on nitrogen would dominate. We
were able to isolate sulfonimidate ester Sa by addition of para-
toluenesulfonic acid at —78 °C following addition of the initial
Grignard reagent (Scheme Sb). Reacting sulfonimidate ester
Sa with 2 equiv of tert-butylmagnesium chloride resulted also
in the formation of sulfinamide 4a. Reaction of Sa with two
equivalents of the aryl Grignard reagent provided sulfoximine
2b in 52% yield. Taken together, this suggests that
deprotonation of the ester Sa leads to nitrene (6) formation
by expulsion of the phenoxide anion. Considering this, it is
likely that the anionic sulfonimidate ester Sa™ is formed quickly
by recombination of the nitrene (6) and the phenoxide leaving
group following N—O bond fission, and can act as a source of
the nitrene. The related sulfonimidate ester Sb could also be
isolated and yielded X-ray quality crystals; the resultant
structure is shown. Experiments using both TEMPO and
1,1-diphenylethylene as radical scavengers in reactions to
prepare sulfoximines 2a and 2v, sulfonimidamide 3a, and
sulfinamide 4a, all showed only minimal effect of the additives,
suggesting that radical intermediates are likely not involved
(see Supporting Information for details).

To gain more insight into the mechanism of this reaction, a
computational investigation, employing density functional
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theory (DFT) methods, was undertaken.”® The addition of
the Grignard reagent CH;MgClI to 1 was investigated, using
PhONSO as a model system for sulfinylhydroxylamine 1.
Figure 2a shows a pathway using a dimeric Grignard species;
however, the possibility of an alternative monomeric pathway
was also investigated and provided comparable results (see
Supporting Information).”* The reaction is initiated by
formation of the Grignard-substrate complex, D1, which
undergoes an irreversible methyl addition through D-TS,_;
with a barrier of 10.5 kcal mol™ forming intermediate D3.
Subsequently, the anionic sulfinamide component in D3
undergoes intersystem crossing (ISC), from its singlet to a
triplet state, forming D4. The barrier of ISC was estimated by
locating the minimum energy crossing point (MECP) between
the singlet and triplet potential energy surface obtaining D-
MECP1. D-MECP1 was found to be 19.0 kcal mol™" higher in
energy relative to D3, having an elongated N—O bond (2.20 A
vs 1.52 A in D3) while retaining a pyramidal geometry at
sulfur. Rotation of the nitrene moiety in D4 to position the
nitrogen away from the phenoxide leads to D4’, which then
interconverts to the more stable singlet sulfinyl nitrene D3 via
D-MECP2 (see Section 2.6 in the Supporting Information). In
DS, reorientation of the phenoxide ligand to a bridging
position leads to intermediate DS’, a sulfinyl nitrene with a
near planar sulfur geometry and a shortened S—N bond of 1.48
A compared to 1.61 A in D3. Overall, these steps indicate that
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the generation of the sulfinyl nitrene intermediate occurs via a
stepwise procedure, with the first ISC involving N—O bond
fragmentation to a transient triplet intermediate, followed by
the second ISC involving the pyramidal sulfinyl nitrene
converting to a planar species.

The structural characteristics of the sulfinyl nitrene
component in DS’ suggest a high degree of electrophilicity
at the sulfur center. Indeed, addition of a second methyl group
to form sulfoximine D7 takes place via a low activation barrier
(D-TS6-7 = 4.7 kcal mol™"). Furthermore, the mechanistic
experiments indicate the possibility of sulfinamide formation
from the nitrene, and hence, this selectivity was also examined
(Figure 2b). Comparison of the energies of D-TS;_, and D-
TS¢_s shows the transition state for methyl addition to sulfur
(D-TS,_,) to be 7.2 kcal mol™ more favorable than addition
to nitrogen (D-TS4_g), which qualitatively provides the same
selectivity as observed experimentally for the majority of
examples. Therefore, these results provide a theoretical basis
for the reactivity of the sulfinyl nitrene, namely its ability to
readily accept a nucleophile at the sulfur center. It is worth
noting that in the case of a phenoxide nucleophile, a
sulfonimidate ester anion, analogous to S5a”, would be
generated reversibly (see Supporting Information, Figure S7).
This supports our earlier assertion that this intermediate may
act as a nitrene reservoir. Overall, this analysis suggests that
formation of sulfoximines (2, D7 in Figure 2a) from
sulfinylhydroxylamine (1) is energetically favorable, involving
the generation of a key singlet sulfinyl nitrene intermediate
with an electrophilic sulfur center.

3. CONCLUSION

These results show that sulfinyl nitrenes are available from
novel sulfinylhydroxylamine reagents and demonstrate for the
first time that they can be combined with carbon- and
nitrogen-nucleophiles to provide a diverse range of sulfox-
imines and sulfonimidamides. We anticipate that this chemistry
will transform the preparation of these compound classes,
providing a new technology for medicinal and agrochemists to
incorporate polar, three-dimensional scaffolds into bioactive
molecules. More fundamentally, the ability to conveniently and
selectively generate a hitherto virtually unexplored reactive
intermediate will catalyze the development of unforeseen
chemistry and molecules.
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